[1] Traveltimes between shots from nine marine seismic reflection lines and nine onshore recorders were used to construct a 3-D P wave velocity model of the northern Hikurangi subduction margin, New Zealand. From north to south between Raukumara Basin and Raukumara Peninsula, the Moho of the overriding plate increases in depth from 17 to ∼35 km. Low seismic P wave velocities of 3.5-5.0 km/s are localized within a ∼10 km thick prism in the lower crust of the overriding plate immediately updip of the intersection between the subduction thrust and Moho and beneath the topographic crest of East Cape Ridge and the Raukumara Range. Southward, this region of low seismic velocities and surface uplift increases in distance from the trench as the thickness of the crust in the overriding plate increases. We interpret this low-velocity volume to be underplated sedimentary rocks and crustal materials that were tectonically eroded by subduction beneath the trench slope. The buoyancy and low strength of these subducted materials are proposed to assist the escape from a subduction channel near the base of the crust and drive local rock uplift. In the
Introduction
[2] Subduction zones are the dominant physical and chemical systems of the Earth's interior (see review paper by Stern [2002] ), and are the most obvious locations where continental material could be recycled back into the mantle. Documenting the fluxes of inputs and outputs at subduction margins provides insight into the growth and recycling of continental crust, and is central to our understanding of how Earth has chemically differentiated over long periods of geological time [Clift and Vannucchi, 2004; Hawkesworth and Kemp, 2006] . We present new observations and analyses that challenge assumptions that underpin previous estimates of crustal fluxes at subduction margins, and provide new insights into the tectonic underplating mechanism and the nature of underplated material.
[3] From observations of bathymetry, structure and morphology of the trench-slope and fore-arc basins at over 30 subduction zones of Phanerozoic activity, global fluxes of subduction zone material transfer have been estimated [e.g., von Huene and Scholl, 1991; Clift and Vannucchi, 2004] . The assumption of vertical rock trajectories within the fore-arc wedge has allowed rates of trench slope subsidence, interpreted as a direct manifestation of subduction erosion, to be coupled with estimated rates of sediment supply/accretion to estimate the flux of fore-arc material to the mantle at subduction margins to be 90 km 3 Ma −1 km −1 [Clift and Vannucchi, 2004] . Integration of onshore data and evidence suggesting efficient (up to 85%) underplating of subducted and tectonically eroded strata along the Andean margin [Clift and Hartley, 2007] has reduced the estimated global flux of sediment to the mantle to ∼74 km 3 Ma −1 km −1 [Clift et al., 2009 ] Previous suggestions of trench retreat [Ballance et al., 1999] and evidence of mass wasting [Collot and Davy, 1998 ] at the Hikurangi-Kermadec subduction zone resulted in its classification as an erosional margin in a state of subduction mass balance deficit, and hence it contributes to global flux estimates [von Huene and Scholl, 1991; Clift and Vannucchi, 2004] .
[4] The northern Hikurangi subduction margin is characterized by margin-parallel transitions in crustal structure within both the fore arc and subducting plates (Figure 1 ). In the overriding (Australian fore-arc) plate, the anomalously high topography of the Raukumara Ranges [Walcott, 1987] transforms northeast along strike into the deep (>10 km sediment thickness, >2 km water depth) Raukumara Basin ( Figure 2 ) . Northeast of this transition, the Rapuhia Scarp on the subducting (Pacific) plate marks the northern boundary between the Hikurangi Plateau large igneous province (crustal thickness 10-23 km) and Mesozoic oceanic crust [Davy and Wood, 1994; Davy et al., 2008] . The anomalous topography [Walcott, 1987] , V p structure , Quaternary [Litchfield et al., 2007] and Neogene [Litchfield and Berryman, 2006] uplift rates, Pliocene strain estimates [Nicol et al., 2007] Figure 1. Bathymetric map displaying the regional tectonic setting of the North Island, New Zealand (National Institute of Water and Atmospheric sciences (NIWA)). Subduction of the Hikurangi Plateau (onboard the Pacific plate) beneath the North Island occurs at rates increasing northward along strike [Beavan et al., 2002] . Long-term forearc rotation relative to the Australian Plate (black vectors onshore, rates displayed) results in near-orthogonal subduction beneath the East Cape [Wallace et al., 2004] . White box displays the regional focus of this study and the area displayed in Figure 2 . Dashed contour (intervals 20 mgal, innermost contour −150 mgal) illustrates the geometry of the Raukumara free-air gravity anomaly. The Rapuhia Scarp marks the northern boundary of the Hikurangi Plateau and a transition to Mesozoic oceanic crust [Davy and Collot, 2000] . Onshore active faults are plotted in red (GNS Science, active fault database). and deformation of Pleistocene marine terraces [Wilson et al., 2007] , which characterize the northern Raukumara Peninsula, have been interpreted as manifestations of lower crustal underplating.
[5] From the interpretation of high-fold seismic reflection data and preliminary interpretations of refraction data across Raukumara Basin, Sutherland et al. [2009] developed a cyclical fore-arc kinematic model to explain the geometry of lower crustal underplating. In a more detailed study of active source seismic refraction data along an offshore 2-D dip transect across Raukumara Basin, Scherwath et al. [2010] identified a low-V p volume beneath East Cape Ridge that was inferred to represent underplated material. [6] In this study, we analyze onshore-offshore wide-angle seismic reflection and refraction data to constrain the first 3-D forward model of V p structure across the transition between Raukumara Plain and Raukumara Peninsula at the northern Hikurangi margin. This model places constraints on key parameters such as Moho geometry, subducting slab geometry and fore-arc basement thickness, which may modulate the location of lower crustal underplating. Although the available raypaths provide barely adequate coverage to constrain some parts of our 3-D model, we have better along-strike ray coverage over appropriate offsets (20-100 km) than most other studies of subduction zones, and hence we place strong constraints on the absolute velocity of the shallow (<20 km) fore-arc crust, including material that we infer to be underplated. We integrate our model with published V p volumes derived using earthquake tomography farther south [Reyners et al., , 2006 and hence analyze the Figure 2 . Free-air gravity map illustrating the acquisition geometries of onshore-offshore wide-angle seismic reflection and refraction data. Shots originating from RAU07 seismic reflection profiles (black). were recorded onshore by nine three-component short-period seismometers (yellow stars). Bathymetric contours at 1000 m intervals are plotted in red with a digital elevation model (DEM) used to display the Raukumara Peninsula. Red dots denote the locations of Ocean Bottom Seismometers/Hydrophones used in the earlier study of Scherwath et al. [2010] . The Kermadec Ridge bounds the western flank of Raukumara Basin. The East Cape Ridge, which bounds the eastern flank, is displayed in gray.
tectonic underplating process and crustal budget along a 350 km length of the Hikurangi margin.
Present Tectonic Setting
[7] The rate of near-orthogonal subduction of the Pacific plate beneath the Raukumara Peninsula is ∼60 mm/yr; and the relative motion is caused by a combination of oblique Australia-Pacific relative plate motion trending 50°to the trend of the margin (∼47 mm/yr) [DeMets et al., 1994; Beavan et al., 2002] and back-arc extension within the Taupo Volcanic Zone and Havre Trough (∼13-16 mm/yr) [Wallace et al., 2004; Lamarche et al., 2006] . Plate convergence at the Hikurangi margin is principally accommodated on the subduction thrust (>80%) with the remaining margin normal, and the majority of margin parallel displacement accommodated in the upper plate through a combination of reverse faulting, strike slip faulting and vertical axis clockwise rotations [Walcott, 1984; Lamb, 1988; Nicol et al., 2007, and references therein] .
[8] The Hikurangi Plateau, currently subducting onboard the Pacific plate, has an estimated crustal thickness of 10-23 km [Davy et al., 2008] , which in the region near the Raukumara Peninsula is suggested to be 10-15 km thick Henrys et al., 2006; Scherwath et al., 2010] . The subduction of this anomalously thick crust has been causally related to the subaerial exposure of the fore arc along the East Coast of the North Island [Davy and Wood, 1994; Davy et al., 2008] .
[9] Onshore, tomography, controlled source seismic and receiver function analyses of naturally occurring earthquakes suggests a crustal thickness of 30-40 km beneath the east coast of the North Island [Stern and Davey, 1985; Bannister et al., 2004; Reyners et al., 2006; Horspool et al., 2006; Henrys et al., 2006] . A region of comparatively low V p (5.5-6.5 km s −1 ) and low Q p is found at depths of 10 km to ∼30 km beneath the northeastern Raukumara Ranges, and these physical properties have been interpreted to be caused by underplated sediment Eberhart-Phillips and Chadwick, 2002] .
[10] Offshore near to the coast, there is a transition to the Raukumara Basin [Katz, 1974; Dickinson and Seely, 1979; Gillies, 1984; Gillies and Davey, 1986; Davey et al., 1997; Sutherland et al., 2009; Scherwath et al., 2010] . Sediment cover of the Raukumara Plain was revealed by low-fold seismic reflection and sonobuoy seismic refraction surveys conducted in the 1970s and 1980s [Katz, 1974; Gillies, 1984] ; but the full thickness of sedimentary fill (>10 km) was not appreciated until a high-fold seismic reflection profile spanning the fore arc, arc and back arc was acquired in 1990 [Davey et al., 1997] . Raukumara Basin is prospective for petroleum [Stagpoole et al., 2008] and hence it was imaged in its southern region by the 2005 O5CM [Maslen, 2005; Multiwave, 2005; Barker et al., 2009] and the 2007 RAU07 high-fold seismic reflection surveys . In addition, a 2007 experiment using a large seismic source and an array of ocean bottom instruments created a refraction model across the subduction zone along one of the RAU07 reflection lines [Scherwath et al., 2010] . The Moho beneath Raukumara Basin is shown along this reflectionrefraction profile to be at ∼17 km depth and, excluding the sedimentary basin fill, the crustal basement beneath Raukumara Plain is ∼4-7 km thick and thus likely of oceanic origin [Gillies, 1984; Sutherland et al., 2009; Scherwath et al., 2010] .
[11] At the northern Hikurangi margin, earthquake hypocenters are focused within the subducting slab with a sparser distribution throughout the overriding plate (Figures 6a and 6b ). Focal mechanisms reveal the differing strain regimes between these regions and NNW-SSE extensional strain is implied within the upper plate [Reyners and McGinty, 1999] . Low-angle thrusting mechanisms are observed near to the plate interface, and deeper normal faulting events suggest downdip tensional strain within the crust of the subducting slab [Reyners and McGinty, 1999; Henrys et al., 2006] . The plate interface at 15-20 km depth is resolved as a 1-2 km thick zone with V p of 5.0-5.35 km s −1 and V p /V s of 2, which is interpreted as a subduction channel or underplated material containing fluids at near-lithostatic pressure Eberhart-Phillips and Reyners, 1999] .
Onshore-Offshore Data
[12] The RAU07 multichannel seismic (MCS) reflection survey consisted of nine profiles totaling 1128 line kilometers, recorded in July 2007 onboard CGG Duke (Figure 2 ). The seismic source was a 86.6 l (5280 cu in) air gun array, charged to a pressure of 18.8 MPa (2000 psi) [Fugro Seismic Imaging, 2007] . In addition to high-incidence reflected arrivals recorded by a 7.3 km streamer, wide-angle reflected and refracted arrivals were recorded onshore by nine three-component shortperiod seismometers deployed around the northern Raukumara Peninsula. Shot intervals were 37.5 m with the exception of RAU07-05 (50 m).
[13] Onshore-offshore data were organized as a suite of 81 receiver gathers, with reflected and refracted arrivals interpreted on the basis of geometry and traveltime (Figures 3a and 3b) . Coherent arrivals were identified on 69 gathers and in total, we identify ∼275,000 traveltime picks across 174 discrete phase segments. The degree of precision in arrival time ranges from 70 ms to 1 s, depending on noise levels and relationships to overlapping arrivals, the vast majority of picks having a precision of <200 ms. [14] Data from shots from the Raukumara Plain (Figures 1 and 2 ) display coherent high-amplitude arrivals. Four phases were identified: a reflection from the plate interface (PzP) ( Figure 3b) ; and a series of refracted rays turning within sedimentary basin fill (Psed), fore-arc basement (Pg) and the mantle wedge (Pn) (Figures 3a and 3b) . Where , as recorded at Pakira (yellow star in inset). Traces are plotted with equal spacing, and data are reduced to 6 km s. Interpretations are displayed in red along with preliminary phase interpretations. Vertical black lines (labeled) provide offset markers, and the intersection of RAU07-09 and RAU07-07 is plotted as a dashed line. Note the approximately constant number of traces plotting within each offset range along RAU07-09 and the contrast with the trace offset distribution along RAU07-07. RAU07-09 is approximately in line with Pakira and does not experience the variations in ray azimuth-profile obliquity, which occur along RAU07-07 compromising apparent velocities and thus increasing the difficulty of determining phase identity along cross-line profiles. The blue region in the inset displays the area of crust sampled by rays originating from RAU07-07.
RAU07 profiles cross the East Cape Ridge region (Figure 2 ), coherent arrivals that are continuous with those from the central and eastern Raukumara Plain display slower apparent velocities and considerably lower amplitudes (Figure 3b ), suggesting slower crustal velocities and higher attenuation. The highest-amplitude phases sampling the crust beneath East Cape Ridge are interpreted as reflected and refracted arrivals from the subducting slab. A single arrival is observed from shots east of East Cape Ridge at offsets from 80 to 210 km. We interpret this phase as a refraction turning within the mantle of the subducting lithosphere.
4. Three-Dimensional Velocity Model 4.1. Method [15] The raypaths used in our study pass beneath a ∼32,000 km 2 area of the northern Hikurangi margin. We constructed a relatively simple layered P wave velocity forward model of the volume beneath, because the geometries of the rays are not sufficiently dense for a reliable tomographic inversion, but can be modeled if certain assumptions are made (below). Most of the RAU07 survey was composed of dip-parallel profiles, so most of our recorded raypaths fan out to the northeast and are roughly parallel to the strike of the subduction zone. Unlike the majority of seismic refraction surveys, which are acquired as 2-D dip profiles [e.g., Dowling, 1968; Spence et al., 1985; Tréhu et al., 1995; Lafond and Levander, 1995; Stern et al., 2001; Scherwath et al., 2003] , the large number of strike-parallel raypaths in our study constrain well the absolute velocities of layers, because the geometry of layer interfaces along strike are generally less complex than downdip.
[16] Our model was constructed as a series of laterally extensive layers, each encompassing the full model area. The geometries of layer boundaries were adjusted along 2-D lines and then 3-D grids of layer boundaries were constructed by minimum curvature interpolation between profiles and, from these grids, the velocity volume was interpolated in a layer cake fashion using specified velocities at the upper and lower surfaces of each model layer. Synthetic traveltimes were calculated using the multistage fast marching method (FMM) [Sethian, 1996; Sethian and Popovici, 1999; Sambridge, 2004a, 2004b; de Kool et al., 2006; Rawlinson and Urvoy, 2006] . FMM is a grid-based finite difference scheme to solve the eikonal equation. Within FMTOMO, the multistage application of FMM allows traveltimes for phases composed of any number of reflection or refraction events to be calculated [de Kool et al., 2006] . Synthetic traveltimes were then compared with observational data. Analyses of the spatial distribution of traveltime residuals and raypaths were then used to adjust the model volume to reduce misfit ( Figure 4a ). This procedure was carried out according to a strategy outlined below, and repeated until the fit could not be improved.
Model Assumptions and Construction Steps
[17] Our forward model was constructed following a strategy in which the best constrained and most densely sampled regions were analyzed first. We then adjust layer boundaries in 3-D to best fit the traveltimes of all recorded phases, assuming the same layer velocities, and taking into account existing knowledge of the subduction zone. The forward modeling sequence was as follows.
[18] 1. The water layer was defined on the basis of bathymetric data from the National Institute of Water and Atmospheric Science (NIWA).
[19] 2. Sedimentary layers were defined on the basis of stacking velocities and reflection traveltimes determined from RAU07 MCS data [Fugro Seismic Imaging, 2007; Sutherland et al., 2009] , and from the results of forward modeling refracted and reflected arrivals recorded by ocean bottom seismometers during the MANGO experiment [Scherwath et al., 2010] . These layers were not adjusted during the fitting procedure and represent a crude approximation to the very rich MCS data set (see below).
[20] 3. Fore-arc basement velocity, Moho geometry, and mantle wedge velocity was estimated along profile RAU07-09. Profile RAU07-09 crosses line RAU07-05 and is in line with four onshore seismometers (Figure 2), and is thus the most densely sampled and best constrained profile that was acquired.
[21] 4. Fore-arc and subducting plate basement velocity, Moho geometry, and mantle wedge velocity was estimated along profile RAU07-05. The velocity structure beneath profile RAU07-05 is constrained by ocean bottom refraction and wide-angle reflection data [Scherwath et al., 2010] . Shots from this line were progressively incorporated into our model west, then east of this profile's intersection with RAU07-09 and were limited to those with origins within the Raukumara Plain (Figures 1 and 2 ).
[22] 5. Based upon analyses of refracted arrivals along profiles RAU07-05 and RAU07-09 we define the fore-arc basement velocity bounding values for the whole layer. Likewise, we define a mantle velocity at the Moho and a velocity gradient beneath.
[23] 6. In regions were the Moho is unconstrained by RAU07 reflection data, we adjust the Moho depth to fit all remaining arrivals from shots from the Raukumara Plain. Initial focus was on the strike profile RAU07-10, followed by dip profiles progressively farther offset from the Raukumara Peninsula ( Figure 2 ). Raypaths for arrivals from the Raukumara Plain are less complicated than those originating east of Raukumara Basin, because they are entirely above the subduction interface.
[24] 7. We adjust the Moho depth of the subducting plate to fit arrivals from shots originating east of East Cape Ridge. We start at the eastern limit of profile RAU07-05, where shots are east of the surface trace of the plate boundary and the shallow structure is well constrained by MCS and OBH/S data [Scherwath et al., 2010] .
[25] 8. We adjusted layer boundary depths beneath the East Cape Ridge region (Figure 2 ). We define a relatively thick layer with velocities consistent with interpretation of OBS/H data [Scherwath et al., 2010] and without coherent reflections from MCS data . This layer makes up most of the fore-arc rock volume beneath the trench slope ( Figure 6 ). We define a continuous smooth subduction interface that connects reflections at <12 km [Scherwath et al., 2010] and 30-35 km ] along line RAU07-05 and has an approximately cylindrical geometry. We define the position of the subducting plate Moho assuming the same crustal thickness as determined east of the plate boundary. Traveltime residuals are then fit by inclusion of a low-velocity prism positioned above the subduction interface and below up-tilted sedimentary and crustal layers modeled beneath Raukumara Plain. This layer is required to fit large (>2 s) positive traveltime residuals (see auxiliary material). 
Model Limitations and Fit to Data
[26] At the conclusion of forward modeling, the RMS of residuals is 0.568 s and the residuals are close to normally distributed (Figure 4b ). Although the fit to data could be improved by increasing the number or complexity of layers, the ray coverage does not justify a more complex model. A 3-D grid of ray density was constructed and used to discriminate between constrained and unconstrained regions in plots of model results (Figures 5, 6a , and 6b).
[27] We compared synthetic reflection times to our layer boundaries with reflected arrivals observed on the MCS data (see details in auxiliary material). We assume that the layer boundaries have produced the reflections and analyze the differences between observed and calculated two-way traveltimes. The fit of the shallowest interface, at the base of the Neogene sedimentary sequence (Megasequence Z in the work by Sutherland et al. [2009] ), has a standard deviation of 86 ms, equivalent to a velocity precision of ∼0.06 km s −1 . For reflections from the base of the Raukumara Basin sedimentary layer, which is over a depth range of 6 to 13 km, the standard deviation is 265 ms. This converts to a precision in the mean velocity of basinal sediments of ±0.10 km s −1 These values quantify misfit introduced by the very small number of parameters that we use to define our velocity model and approximate the very rich data set derived from stacking velocities at shallow depths (<5 km), and the greater uncertainty in defining reflections and velocities at the base of the sedimentary layer.
[28] Several MCS lines have clearly identified reflection events that we interpret as Moho reflections. These reflections are an independent test of the model because they were not used as input. The standard deviation of differences between observed and modeled two-way times is 325 ms. [29] To analyze the trade-off and estimate the uncertainty in both crustal velocity and mantle wedge velocity, we performed a tomographic velocity inversion for the mantle layer, assuming that the two-way time of Moho reflectors constrains the total traveltime through the crust; that is, we impose Moho reflection events as a constraint on the model. The mantle wedge velocity estimated by this inversion is 8.30 ± 0.25 km s −1 (details in auxiliary material).
[30] The low-velocity prism we model beneath East Cape Ridge and the Raukumara Peninsula is constrained by ∼4500 raypaths. Although the unidirectional geometry of raypaths allow for a trade-off between velocity and geometry, the RAU07 reflection profiles , RV Sonne refraction data [Scherwath et al., 2010] , and earthquake studies [Eberhart-Phillips and provide additional constraints on the geometry and properties of this layer. The velocity within the low-velocity prism is most reliably constrained by arrivals at Pakira from shots at the eastern end of RAU07-07. These raypaths are almost entirely located within the low-velocity prism and we calculate an average velocity for these arrivals of ∼4.2 km s −1 over raypaths of ∼65 km that reach a maximum depth of ∼18 km (see Figure S10d in Text S1 in the auxiliary material).
Results

Regional 3-D Velocity Structure
[31] The Raukumara Basin is a low-velocity region (1.9-4.9 km s −1 ) reaching a maximum depth of 12.5 km (below sea level) beneath the southern Raukumara Plain (Figures 5, 6a, and 6b) . The approximately triangular geometry of the basin is spatially correlated with a −150 mGal free-air ) and fore-arc basement (4.9-7.2 km s −1 ). The northern boundary of Raukumara Basin is not constrained by existing seismic reflection or refraction data. South and east of the central basin, sedimentary and basement layers tilt upward toward the Raukumara Peninsula and East Cape Ridge, respectively, and are progressively underlain by a low-velocity (3.5-5.0 km s −1 ) triangular prism localized beneath the topographic crest (Figures 6a and 6b) .
[32] The East Cape Ridge marks the eastern boundary of Raukumara Basin. The upper 5-7 km of the ridge is modeled with velocities from 1.9 to 4.9 km s −1 associated with sedimentary layers, which shallow from the central basin (Figure 6a ) coincides with the intersection of the Moho with the subducting slab, and thus the trenchward limit of the fore-arc mantle wedge (Figure 7b ). The arcward migration of the East Cape Ridge crest (and low-velocity prism) within the continental shelf (Figures 1 and 2 ), occurs concomitant with an increase in Moho depth (section 5.2) between the Raukumara Plain and the Raukumara Peninsula (Figures 7b and 8) . These spatial associations underpin the 3-D application of a cyclical crustal dynamic that is hypothesized to result in lower crustal underplating (section 6.1).
[33] Following Scherwath et al. [2010] , the crust of the subducting slab is modeled as two layers with velocities from 4.9 to 6.7 km s −1 and 7.1-7.3 km s −1 . We model a combined thickness of 17-19 km (Figure 6a ). At the trench at the eastern end of line RAU07-05, the top of the subducting slab is modeled dipping NW at 2-5°and is overlain by ∼5.0 km of low-velocity material (1.9-4.0 km s ocean sediments, and the remainder is the upper volcaniclastic layers of the Cretaceous large igneous province [Davy et al., 2008] . At the eastern end of line RAU07-03 there is a uniform layer of deepocean sediments ∼0.7 km thick on the subducting plate. The upper 10 km of the subducting mantle lithosphere is sampled by arrivals from the eastern regions of RAU07-05 and RAU07-03 (Figure 9) , and is modeled with a velocity in the range 8.1-8.4 km s −1 (Figure 6a ).
Structure of the Moho
[34] Southeast along strike between the Raukumara Plain and the Raukumara Peninsula, velocity forward models resolve a >10 km increase in depth to the fore-arc Moho (Figures 6b and 8) . The Moho beneath the Raukumara Plain is approximately planar and modeled between 15 and 17.5 km depth [Scherwath et al., 2010;  this study]. In contrast, the western Raukumara Peninsula is characterized by a Moho depth >25 km  this study]. The geometry of the transition in Moho depth trends west-east and is inversely correlated with topography (Figures 1 and 8 ). Moho structure is constrained west of East Cape Ridge within the offshore region landward of RAU07 profiles.
[35] Around the perimeter of the Raukumara Plain, the Moho is modeled shallowing from its position within the central basin (∼17 km), occupying depths of <12.5 km within the Havre Trough, <15 km within the northern Raukumara Plain and 10-15 km within the East Cape Ridge region (Figure 8 ). Within the Havre Trough, a region of increased Moho depth (12.5 to >15 km) is correlated with a bathymetric trough and a break in the volcanic arc (Figures 1 and 8 ).
Structure of the Subduction Interface
[36] The geometry of the subduction interface ( Figure 9 ) is constrained by deep reflections from RAU07 MCS reflection data and both refracted arrivals and wide-angle reflections from onshoreoffshore seismic data. The raypaths of these arri- vals define a wedge extending east from the eastern Raukumara Basin along RAU07-03 and RAU07-05. The plate interface is sampled by refracted rays along two profiles positioned landward of RAU07-05 and RAU07-03, and by wide-angle reflections, which sample the subduction interface beneath the continental shelf of the northern Raukumara Peninsula (Figure 9 ).
[37] The strike of the subduction thrust is 25-30°a nd dip increases from 2 to 5°east of the trench to >25°beneath the central Raukumara Basin. Two distinct increases in dip are observed east (∼2°i ncrease) and west (∼5°increase) of East Cape Ridge along RAU07-05, which are correlated with regions of increased seismicity within the subducting slab (Figure 6a ). The locus of points of intersection between the subduction interface and the fore-arc Moho is located on the western flank of East Cape Ridge and migrates arcward southeast along strike, coincident with the increase in Moho depth beneath the continental shelf (Figure 8 ).
6. Discussion
Crustal Underplating at East Cape Ridge
[38] We use our 3-D velocity model to assess previous suggestions of crustal growth at East Cape Ridge and we determine the volume of the velocity anomaly that is thought to be associated with underplated material [Scherwath et al., 2010 ] to constrain local rates of underplating.
[39] Gravitational collapse and mass wasting of the trench slope adjacent to East Cape Ridge is evidence for ongoing subduction erosion [Collot and Davy, 1998 ], but the net removal of fore-arc material by such a process would cause a trenchward advection of the fore arc and the oldest arc volcanoes [Lallemand, 1995] . However, western Raukumara Basin and the active arc is clearly imaged with high-fold seismic reflection data and no relict arc volcanoes are observed, so it is concluded that there has been no net decrease in the volume of the forearc wedge via tectonic erosion since ca. 22 Ma . In addition, and contrary to suggestions of net crustal erosion at this location [von Huene and Scholl, 1991; Collot and Davy, 1998; Clift and Vannucchi, 2004] , stratal relationships between shallow second-order seismic stratigraphic sequences reveal a southeast-northwest migration of the Neogene Raukumara Basin depocenter ]. This migration is consistent with a net increase in volume of the forearc wedge, and specifically, the protuberant growth of East Cape Ridge and the Raukumara Peninsula. The morphology of young onshore deposits and geomorphic surfaces is also consistent with a pattern of broad Quaternary uplift inferred to have been caused by underplating [Litchfield et al., 2007] . The highly faulted and indurated physiography of the trench slope eliminates frontal accretion as a mechanism of achieving crustal growth and hence lower crustal underplating is the most likely alternative.
[40] A crustal low-velocity region has previously been identified beneath the offshore East Cape Ridge [Scherwath et al., 2010] , the onshore Raukumara Peninsula , and the Kaimanawa mountain range farther south [Reyners et al., 2006] . Our 3-D velocity model constrains the offshore prismatic geometry of this low-velocity (3.5-5.0 km s −1 ) body and confirms that it underlies the topographic crest of the fore arc. Thus, we agree with previous suggestions that this prism may consist of underplated sedimentary and crustal material, and that it may be driving the local rock uplift that is the cause of the topographic crest and Neogene stratigraphic tilting adjacent to East Cape Ridge and Raukumara Peninsula .
[41] The deformation pattern that produces this fore-arc architecture and pattern of uplift is proposed to have a cyclical kinematic . Sediments on the downgoing plate are incorporated with material tectonically eroded from the toe of the trench slope into a subduction channel located above the subducting slab (Figure 10 ). Accompanying subduction, this material is transported arcward and downward to a position near the fore-arc Moho. In the lower crust, the density contrast between subducted sedimentary and crustal material (∼2.3-2.7 g/cm 3 ) and the mantle wedge (∼3.4 g/cm 3 ) prevents further subduction. The material in the subduction channel is weakened by temperature and fluid overpressure, and hence accreted across the subduction thrust to the upper plate, driving local rock uplift. Progressive uplift causes the trench slope to steepen above its critical angle of stability and gravitational collapse occurs. Trench slope collapse takes place both arcward and trenchward of the locus of underplating, with trenchward collapse creating the highly faulted trench slope and returning material to the subduction front completing the cycle (Figures 10c and 10d) .
[42] The general increase in density with depth, and the position of the Moho in particular, is hypothesized to limit the downdip width of the subduction channel. The increase (>10 km) in Moho depth between the Raukumara Plain and Raukumara Peninsula (Figure 8 ) thus provides a viable explanation for the along-strike variation in offset between the trench and the topographic crest (Figures 1, 10c , and 10d). At margins where the rate of crustal underplating exceeds the rate of tectonic erosion, the fore-arc crust will grow and thicken, the Moho will deepen and the locus of crustal underplating will migrate away from the trench, as will its effect on surface topography. We hypothesize that the Note the difference between the location of underplating and uplift relative to the trench between the two regions. This difference suggests that the Moho modulates the underplating process, effectively limiting the distance (and depth) subducted material can remain within the subduction channel before being accreted to the upper plate. Arrows denote hypothesized particle motion paths. Figure 11 . Cartoon illustrating the influence the downdip length of the subduction channel exerts on rates of uplift and angular increase in the overlying trench slope (see section 6.1). The shorter baseline adjacent to the Raukumara Plain results in underplated sediment being distributed over a smaller (thicker) area and, independent of differential uplift, enhances rates of angular increase. relatively shallow Moho beneath the Raukumara Plain results in higher rates of underplated rock uplift at East Cape Ridge than onshore because the shorter downdip length of the subduction channel causes underplated material to be distributed over a narrower area. The shorter baseline (L 1 in Figure 11 ) would also give rise to higher rates of trench slope steepening, if rock uplift and hence (transiently) surface uplift rates were the same. These effects are compounded further at the northern Hikurangi margin by higher rates of sediment supply adjacent to East Cape Ridge. We suggest that a combination of these factors explain why the intensity of trench slope faulting and collapse increases so dramatically to the north of Raukumara Peninsula [Collot and Davy, 1998 ]. Our model implies that trench slope collapse tectonically exhumes material at East Cape Ridge, and hence the rate of surface uplift at the crestline is less than the rate of rock uplift. Surface uplift rates may be higher onshore, because of erosion, even though underlying rock uplift rates may be less. This hypothesis may be tested in future by comparing thermochronologic data with surface uplift values determined from dated erosion surfaces.
[43] Volumes of the low-velocity prism (minimum) and the fore-arc wedge trenchward of the slabMoho intersection (maximum) determined from our 3-D velocity model lead us to estimate a rate of lower crustal underplating of 10-25 km 3 Ma
We assume that the volume of the velocity anomaly is entirely underplated material and that it accumulated over the last 22 Ma, which is the Cenozoic phase of subduction in this region.
Rate and Mechanism of Underplating at the Northern Hikurangi Margin
[44] We analyzed the geometry of the southward continuation of the prismatic low-velocity anomaly that we interpret as underplated material by con- Figure 12 . (a) Map displaying the thickness of lowvelocity material resolved using a threshold value of −0.6 km s −1 (see section 6.2). Red line marks the point of intersection between the subducting slab and fore-arc Moho. Dashed line marks the boundary between regions constrained by our onshore-offshore forward model (north) and the tomographic grids of Reyners et al. [ , 2006 (south). Bathymetric contours displayed at 500 m intervals. Thick black line marks the surface trace of the Hikurangi subduction thrust. Note that this is a rotated map projection. The scale is in meters, and New Zealand Map Grid coordinates are plotted and labeled on the map interior. (b) Topography across profile A-A′ (dotted line in Figure 12a ). (c) P wave velocity along profile A-A′ as constrained by earthquake tomography . Velocity contours labeled at 0.5 km s −1 intervals. Grey pluses mark model inversion nodes. Earthquake hypocenters for events occurring within 20 km of the profile and with Mw ≥ 2 marked by gray dots. Earthquake locations are from GeoNet and are not located using this velocity model. Solid black line gives the approximate geometry of the top of the subducting slab. Dotted lines show the region of anomalously low velocity resolved using threshold values from −0.7 km s −1 (inner contour) to −0.3 km s −1 (outer contour).
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Geosystems G 3 G 3 BASSETT ET AL.: THREE-DIMENSIONAL Vp STRUCTURE-HIKURANGI MARGIN 10.1029/2010GC003137 sidering our velocity model adjacent to published tomographic grids of Vp structure beneath Raukumara Peninsula and the central North Island [Reyners et al., , 2006 D. Eberhart-Phillips, personal communication, 2010 ]. An average 1-D velocity profile was calculated, and then velocity anomalies were determined. We analyzed the 3-D distribution of negative-velocity anomalies by setting a threshold anomaly value and then we considered the geometry and properties of the volume with a velocity less than the threshold and above the subduction interface (Figure 12 ).
[45] We considered a range of threshold values. A threshold velocity anomaly of −0.5 km s −1 results in a contiguous body that is clearly identified as a discreet low-velocity crustal root immediately above the subduction interface (see Figure 12 and auxiliary material). A threshold velocity anomaly value of −0.7 km s −1 results in a much smaller enclosed volume, is discontinuous, and represents the largest average negative velocity anomaly. A velocity anomaly of −0.3 km s −1 has a similar geometry to the −0.5 km s −1 volume, but is larger and starts to enclose discreet isolated bodies that we interpret as natural variations in velocity associated with the different rock types accreted during Mesozoic subduction. This is confirmed by an analysis of rock samples from the Torlesse Supergroup (local basement rock) sampled in South Island, where they are unaffected by subduction tectonics: 60% of hand specimens subjected to pressures of 0.2-1.0 GPa fall within a range of velocity of +/− 0.4 km s −1 , but this would surely be lower if samples were mixed at seismic wavelengths [Christensen and Okaya, 2007] .
[46] For the reasons given above, we use a threshold value of −0.6 km s −1 and we limit our analysis to depths >10 km because of resolution limitations of the grid that we are using. The volume of the low-velocity anomaly was added to that resolved farther north by our forward model, and the combined sum was used to calculate regional rates of lower crustal underplating along the northern half (∼350 km) of the Hikurangi margin over the last 22 Ma. Hence, we derive our best estimate for the rate of underplating during Cenozoic subduction to be 20 km 3 Ma −1 km −1
. If we adopt a threshold value of −0.5 km s , then we obtain what we consider to be a maximum value for the rate of underplating of 27 km 3 Ma −1 km −1 . The magnitude of this velocity anomaly is greater than natural variations associated with Mesozoic rock type variability, with an additional 0.1 km s −1 to allow for the effects of percolating fluids, and still results in a contiguous volume above the subduction thrust (Figure 12c) . A threshold value of −0.7 km s −1 leads to a minimum estimate of 14 km 3 Ma −1 km −1 .
[47] The magnitude of the velocity anomaly is likely related to the magnitude of the buoyancy anomaly and hence the driving force for accretion. This is because a general relationship exists between velocity and density [Christensen and Mooney, 1995; Brocher, 2005] , and rock types are very similar at the Hikurangi margin: basement rocks are composed of clastic sediments that were accreted during Mesozoic time (Torlesse Supergroup), and the remaining (accreted) material is either tectonically reworked Torlesse, or younger accreted sediments with a similar composition. The composition of the lower crust over most of New Zealand is, however, unknown. A velocity anomaly of −0.6 km s −1 corresponds to a density anomaly of 220 kg m −3 using the relation of Christensen and Mooney [1995] , or 120 kg m −3 using the relation of Brocher [2005] . This is relative to average crust at this depth, and we note that the largest amplitude of the buoyancy anomaly is within the lower crust, where background velocities and inferred densities are higher.
[48] The absolute velocity within the velocity anomaly provides insight into the underplated rock type. Torlesse Supergroup rocks are the fully compacted end-member of a fore-arc sedimentary rock within eastern New Zealand and are shown to have a velocity of 6.3 +/− 0.4 km s −1 at 0.6 GPa, which is equivalent to ∼22 km depth [Christensen and Okaya, 2007] . The velocity determined at 23 km depth within the underplated anomaly is 5.9-6.1 km s −1 . If the difference between this velocity and that of typical Torlesse Supergroup rocks is related to water-filled fractures, then a porosity of 3%-6% is implied by velocity-density relations [Christensen and Mooney, 1995; Brocher, 2005] . The difference in velocity is, however, barely significantly different from a typical volume of Torlesse rock averaged over seismic wavelengths. At depths of 30 km the velocity within the anomaly is exactly what would be expected for a Torlesse Supergroup rock or equivalent Cenozoic greywacke that has been entirely dewatered through burial.
[49] At depths of 5-20 km, the range of our model velocities beneath East Cape Ridge is 3.5-5.0 km s −1 . A mean velocity of 4.2 km s −1 for a mean travel depth of ∼10 km and travel distance of 64 km is most robustly determined from arrivals from the eastern end of line RAU07-07. These arrivals are from refracted and reflected (from the subduction interface) raypaths that are almost entirely within the low-velocity body (see auxiliary material). The mean velocity of 4.2 km s −1 is much lower than can be explained by any common crustal rock found at an equivalent average depth of ∼10 km in any stable tectonic environment (Figure 13 ). Sedimentary rocks typically have velocities >5.0 km s −1 at >5 km depth, and are usually very close to a fully compacted rock velocity of ∼6.0 km s −1 by 10 km depth [Gardner et al., 1974; Brocher, 2005] . The absolute velocity we model (≤5.0 km s) is considerably lower than can be explained by a 100% hydrated serpentinite (Figure 13 ).
[50] Velocity depth relations in the upper 10 km of the trench slope farther south on the Hikurangi margin show a trend that is closer, but still faster at an equivalent depth [Barker et al., 2009] . Similar low velocities have been recorded at other subduction margins [e.g., Collot et al., 2008; Agudelo et al., 2009; Park et al., 2010; Kopp et al., 2000] , but the velocities we determine at 5-20 km depth are among the slowest recorded at any margin. We suggest that high strain rates at subduction margins and elevated fluid pressure gradients caused by slab dehydration and dewatering of a subduction channel may keep fractures and pore space open in the hanging wall, resulting in anomalously slow velocities. The relatively low temperatures inferred for the northern Hikurangi margin [McCaffrey et al., 2008] may also play a role in helping to preserve rock strength and inhibit chemical reactions and hence keep fractures open.
[51] The porosity of the fractured underplated rock may be estimated using a similar logic to that employed for sedimentary rocks [Nafe and Drake, 1957; Erickson and Jarrard, 1998; Mavko et al., 1998 ]. We consider the underplated rock to be a mixture of Torlesse rock fragments and water. Hence, a velocity of 4.2 km s −1 is equivalent to a porosity of 12%-18%, depending upon the precise relationship used [Nafe and Drake, 1957; Gardner et al., 1974; Erickson and Jarrard, 1998; Mavko et al., 1998; Brocher, 2005] and assuming a dewatering trend alone.
Global Implications for Subduction Fluxes
[52] Understanding the nature and interplay of constructive and destructive processes at subduction margins is important to address questions concerning the long-term growth of continents and the chemical differentiation of Earth over geological time [Rudnick and Fountain, 1995] . Through the compilation of seismic profiles at over 30 arcs of known/estimated Phanerozoic activity, the global flux of continental material to the mantle at subduction margins has been estimated [von Huene and Scholl, 1991; Clift and Vannucchi, 2004] . These estimates have progressively increased as more data have become available and recent estimates of global crustal loss are 74 km 3 Ma −1 km −1 (Figures 10a and  10b ) [Clift et al., 2009] . The estimates are primarily based upon observed rates of fore-arc subsidence that are in turn inferred to be due to the tectonic erosion of crustal material into the mantle by the subducted plate.
[53] Using Sm-Nd isotopic data from clastic and chemical sediments in conjunction with the present-day age distribution of continental crustal Figure 13 . Relationship between Vp and depth for sedimentary basins (indicated by 1), the toe of the Hikurangi trench slope adjacent to central North Island [Barker et al., 2009] (indicated by 2), and the low-velocity prism beneath East Cape Ridge that we infer to be underplated material (indicated by 3). For comparison we also show laboratory measurements of compact sedimentary basement rocks of the Torlesse Supergroup [Christensen and Okaya, 2007] and reference velocities for serpentinite (antigorite), ocean crust (diabase), and mantle (lherzolite) rock types [Hacker and Abers, 2004] . We suggest that the very slow velocities we observe beneath East Cape Ridge may be interpreted as a suppressed compaction trend for sediment and fault rock that has been rapidly transported and then underplated at midcrustal depths. rocks, Jacobsen [1988] suggests that the volume of continental crust has been steadily growing throughout the Phanerozoic. This growth is hypothesized to offset a deepening of ocean basins in response to waning heat flow from the mantle, resulting in a generally constant degree of continental freeboard above mean sea level during the Phanerozoic [Schubert and Reymer, 1985] [Reymer and Schubert, 1984] ) and for reasons discussed below, may be systematically overstated.
[54] When calculating estimates of crustal loss, direct measurement of accretionary wedges is coupled with estimated average rates of sediment supply to calculate the proportions of sediment delivered to the trenches that are accreted and subducted. Even at accretionary margins (Figure 10a ), the proportion of sediment subducted is estimated at ∼80% [von Huene and Scholl, 1991; Clift and Vannucchi, 2004] . The contribution of subduction erosion to rates of crustal loss are estimated from trench slope subsidence histories, which assuming vertical rock trajectories within the fore-arc wedge, are directly converted to rates of tectonic erosion (Figure 10b) . We suggest that the use of local evidence of trench slope subsidence to infer widespread states of basal tectonic erosion may result in the systematic calculation of erosion rates that are too high. Moreover, the proportions of subducted and tectonically eroded sediment that is fluxed into the mantle may also be overstated as the retention of this material via lower crustal underplating is generally not accounted for. [55] At the northern Hikurangi margin, the rate of underplating that we estimate (20 +/− 7 km 3 Ma −1 km −1 ) appears to be sufficient to counteract subduction erosion and facilitate a net crustal growth of the fore arc. Lower crustal underplating rates have also been estimated at the Andean margin in northern Chile and Peru, where subsidence and tectonic erosion offshore was also synchronous with rock uplift onshore [Clift and Hartley, 2007] .
[56] We suggest that lower crustal underplating is more widespread than previously recognized and requires a reduction in the estimate of the flux of continental material into the mantle. Such a reduction will correspondingly reduce the rate of arc productivity required to maintain continental freeboard, and brings the estimate closer to published estimates of arc productivity [Reymer and Schubert, 1984] . In addition, the theoretical flux of continental material through the magmatic arc will also be reduced, in better agreement with the geochemical signature of arc volcanic output [Woodhead and Fraser, 1985; Ewart and Hawkesworth, 1987; Vroon et al., 1993] . We suggest that the rates of crustal underplating calculated in this study may be scaled to other margins and are sufficient to resolve the discrepancy between the inputs and outputs at global subduction margins within analytical uncertainty.
Conclusions
[57] We have integrated new onshore-offshore wide-angle seismic refraction data with published ocean bottom seismic refraction [Scherwath et al., 2010] and multichannel seismic reflection profiles ] to model the 3-D crustal structure beneath a 32,000 km 2 area of the northern Hikurangi subduction margin.
[58] Southwest, along strike, our velocity model resolves within the fore arc a >10 km increase in Moho depth (Figure 8 ) and a >20 km increase in basement thickness between Raukumara Basin and the Raukumara Peninsula (Figure 7b ). The increase in Moho depth trends west-east and is inversely correlated with topography.
[59] Beneath the topographic crest of East Cape Ridge and Raukumara Peninsula, low velocities (3.5-5.0 km s −1 ) are resolved within a triangular prism with cross-sectional area >200 km 2 positioned above the subduction interface. We interpret the low-velocity (3.5-5.0 km s −1 ) prism as underplated sedimentary and crustal material. [60] Assuming that the prism of low-velocity (3.5-5.0 km s −1 ) material has accumulated since the onset of subduction at 22 Ma, we calculate the rate of underplating at the northern Hikurangi margin to be in the range 10-25 km 3 Ma −1 km −1 . The upper bound assumes that the trench slope is composed of deformed accreted material, though the accretion rate may be even higher if some of the accreted material has since been eroded either by surface or tectonic processes. Based upon the lack of fossil arc volcanoes within Raukumara Basin and the arcward growth of East Cape Ridge, it was previously suggested that net accretion is occurring at the margin , and hence we suggest that this underplating rate is greater than the tectonic erosion rate.
[61] Southward along East Cape Ridge, our model shows that both the prism and topographic crest migrate arcward (Figure 7b ). The spatial correlation we observe between the arcward/inboard edge of the low-velocity prism and the intersection between the subduction interface and fore-arc Moho suggests that the location of lower crustal underplating is modulated by Moho depth. This is consistent with the previously proposed cyclical fore-arc crustal dynamic in which the density of subducted and tectonically eroded strata is sufficient for it to escape from the subduction channel near the base of the crust, driving surface uplift, oversteeping, and gravitational collapse of the trench slope Scherwath et al., 2010] .
[62] By integrating our new 3-D grid with published grids of the velocity structure farther south, we show that a 350 km length of the northern Hikurangi margin has an average underplating rate of 20 +/− 7 km 3 Ma −1 km −1
, and we infer net growth of the margin (Figure 14) . The velocity anomaly is greatest in the lower crust, which is in keeping with our inference that the density layering of the crust and Moho is a primary control on the underplating mechanism. Analysis of absolute velocities within the underplated volume and consideration of the uniform sedimentary compositions available for underplating suggests that the underplated material dewaters as it is tectonically transported and accreted, and behaves in a similar fashion to sedimentary rocks as they are buried. However, underplated material follows a much more suppressed compaction curve than sedimentary basins and may maintain porosities as high as 12%-18% at 10 km depth. [63] We suggest that the rate of lower crustal underplating at convergent margins is higher than accounted for in most previous global estimates of crustal creation and destruction [e.g., von Huene and Scholl, 1991; Clift and Vannucchi, 2004] . At the Hikurangi margin we suggest that the rate of crustal underplating is greater than fore-arc tectonic erosion, and if the rate of lower crustal underplating calculated in this study is similar to other margins, then this observation could resolve the discrepancy between published estimates of continental creation [Reymer and Schubert, 1984] and destruction [von Huene and Scholl, 1991; Clift and Vannucchi, 2004] . Figure 14 . Perspective plot displaying the geometry of the low-velocity volume resolved using a threshold value of −0.6 km s −1 . We also show the fore-arc Moho (dark gray surface) and subducting slab (red mesh). Solid red line marks the point of intersection between the subducting slab and fore-arc Moho. Green transparency marks the eastern North Island land area.
